We investigate the spectral reflectivity of photonic crystals assembled with silica spheres. The propagation of electromagnetic wave can be controlled by periodic structures known as photonic crystals. Therefore photonic crystals are anticipated for advanced control of thermal radiation beyond solid state properties. The close-packed photonic crystals well-defined thickness are rapidly made on a Si wafer by using self-assembly of colloidal silica spheres. We measure spectral reflectivities of the samples with an FT-IR (Fourier Transform -Infrared Spectroscopy). The spectral reflectivity is enhanced at specific wavelength designed with numerical analysis. The peak of spectral reflectivity shifts to shorter wavelength with increasing incident angle. The angular dependency of the spectral reflectivity can be roughly calculated by the modified Bragg's equation taking into account Snell's law of refraction. We show that the reflectivity in infrared range is well enhanced by using large photonic crystals assembled with silica micro-spheres.
Introduction
Thermal radiation is transferred by electromagnetic wave without any medium, therefore it is very important in vacuum applications. For example, a variable emissivity device based on MEMS is proposed for actively varying heat rejection of the satellite radiator in the thermal load and environmental conditions (1) . For control of thermal radiative transfer specific materials have been usually coated on surface (2) . On the other hand, radiative properties from structured surfaces have been well investigated. When the scale of surface geometry is comparable to the wavelength, directional emissivity is enhanced (3) (4) . The presence of periodic structures on a surface affects the radiation properties of the surface and hence the way it interacts with electromagnetic radiation (5) .
Much like a natural crystal causing a band gap for electron, a periodic dielectric structure, also known as photonic crystals (6) (7) , can form a frequency band gap for electromagnetic radiation. In recent years, thermal radiative properties of photonic crystals have been investigated numerically and experimentally. The enhancement of the spectral emissivity of a one dimensional photonic crystals are explained theoretically (8) . Thin film of nickel which having smooth surface can be excellent spectrally selective emitter of thermal radiation in comparison with grating structure of nickel (9) . A two dimensional array of a micro-cavity with a high aspect ratio can obtain the high spectral selectivity of thermal radiation, and the phenomenon is explained by a cavity resonator model (10) (11) . We have investigated enhancement of the spectral reflectivity of photonic crystals as the one of radiative properties numerically and experimentally (12) - (14) . Photonic crystals are anticipated for the advanced control of thermal radiation beyond solid state properties. However the fabricated photonic crystals have been very small for thermal engineering applications because the standard micro-fabrication processes are used for sample preparation. Large photonic crystals are fabricated by using the colloidal technique in order to solve this kind of size issues. The prepared large photonic crystals are called colloidal photonic crystals. The optical properties in visible range of the colloidal photonic crystals have been already investigated numerically and experimentally (15) - (17) .
The colloidal photonic crystals can be applied to modify thermal radiative properties of materials by increasing the size of particles. In this paper we prepared for large close-packed photonic crystals self-assembled with silica spheres on a four inch Si wafer. We observed the fabricated photonic crystals by Scanning Ion Microscope (SIM) for the characterization prior to the measurements of spectral reflectivity. The spectral reflectivity of photonic crystals is measured by using an FT-IR. The measurement results are evaluated by using modified Bragg's law taking into account Snell's law. 
Periodic Micro-structure Design
Photonic crystals for infrared range are designed by using a numerical code named MIT Photonic Band (MPB) (18) . The dispersion relation of electromagnetic wave in a close-packed structure is computed by MPB because close-packed structures are fabricated self-assembly by using colloidal technique in the present study. The close-packed structure takes three possible stacking structure: ABC type as face centered cubic lattice (fcc), ABA type as hexagonal close-packed structure (hcp), and a mixture fcc and hcp. From experimental observations fcc is more stable than hcp (19) , therefore an fcc lattice is considered as a periodic structure in the calculation. Both dimensionless radius, r/a, of spheres determined by unit cell of an fcc lattice, a, and dielectric constant, ε, of spheres are important parameters for MPB. Dimensionless radius r/a of spheres in fcc lattice (r/a=0.354) and the dielectric constant of silica (ε =1.96 (20) ) are used. Because an imaginary component of the dielectric constant doesn't affect a dispersion relation of a periodic structure, the imaginary components are assumed to be zero. In Fig 
According to the results of numerical analysis, silica spheres of 1, 2, and 3µm diameter are used in order to enhance reflectivity in infrared range.
Experimental

Fabrication and Characterization of Periodic Structures
Periodic structures well-defined thickness are fabricated by using colloidal technique (21) (22) on a large substrate. Silica micro-spheres dispersion is dropped onto water surface. Monolayer of silica micro-spheres is formed immediately on water because the density of solvent is smaller than that of water. The formed monolayer is transferred on a Si wafer. The thickness of periodic micro-structure can be controlled precisely by repeating the process. The periodic structures are observed with SIM (SII JFIB-2300) as shown in Fig. 2 . Although dislocations and lattice defects are observed, the close-packed structure self-assembled with silica micro-spheres is formed rapidly over large area. The formed close-packed structure is a mixture fcc and hcp. The cross-sectional images of samples are shown in Fig. 3 . The periodic structure grows to [111] direction oriented the substrate. The lattice constants of fabricated photonic crystals (diameter of spheres) are measured directly from the SIM images. The diameters of 1µm, 2µm and 3µm samples are measured to be 1µm, 2µm and 2.8µm, respectively.
Spectral Reflectivity at Various Incident Angles
The specular component of spectral reflectivities ρ(θ,λ) of the fabricated photonic crystals in infrared range are measured by using FT-IR (Magna-IR 760 spectrometer, Nicolet). 
The reflectivities of the real surfaces are mostly consists a specular component and a diffuse component of reflectivity. However we focused only on a specular component, because the effects of a photonic crystals can be measured in a specular component. A sample holder of the FT-IR is shown in Fig. 4 . Infrared radiation source is a special nichrome heater.
Source light is entered at angles, θ, from normal direction to the substrate. Specularly reflected light is measured by an FT-IR detector. The spectral reflectivity of Si substrate is measured as a reference before the following measurements. The spectral reflectivity of photonic crystals is calculated as the ratio of the measured result of the photonic crystal with a Si wafer and that of a reference. 
Results and Discussion
The measured spectral reflectivity for θ=0 o is shown in Figs. 5-7. The peak wavelength designed by Eq. (1) is very sensitive for diameter D, therefore the size of spheres is measured directly from SIM images. Measured averaged diameters are 1µm, 2µm and 2.8µm for 1µm, 2µm and 3µm silica spheres respectively. The peaks of spectral reflectivity of 3 layered samples are measured at 2.14µm, 4.27µm, and 5.71µm for the sample with silica spheres of 1µm, 2µm, and 2.8µm diameter. The peak position is insensitive to the stacking sequence of silica spheres (fcc (ABC) or hcp (ABAB)). The peak intensity becomes higher and narrower with increasing the thickness of the sample. Note that the spectral reflectivity of 1 layered sample cannot be explained by Eq. (1), but the peaks are measured at the same wavelength as those of layered samples. The angular dependency of spectral reflectivities of 3-layered samples with silica spheres of 2µm and 3µm diameter are measured as shown in Figs. 8 and 9 .
The arrows indicate measured two peaks in Figs.5-7. The first peak results from a micro-structure, and the second peak from an intrinsic optical property of silica. The first peak shifts to shorter wavelength, and peak intensity decreases with increasing incident angles. The peak wavelength to the incident angle is expressed by a modified Bragg's law taking into account Snell's law of refraction (23) (24) . , where D is the diameter of silica spheres.
The effective refractive index of a composite is calculated by the following equation (25) . 
Here, φ is the volume fraction of silica spheres and is 74% for a close-packed SiO n (=1.4) is refractive index for silica spheres, n air (=1.0) for air. Therefore n eff is calculated to be 1.31. The peak wavelength of spectral reflectivity of 3-layered sample as the function of diameter of silica spheres is shown in Fig. 10 , and as a function of an incident angle is shown in Fig. 11 . The good agreement between experimental results and Eq. (3) indicates that fabricated photonic crystals form good close-packed structure over large area. 
Summery
Close-packed photonic crystals are rapidly prepared by using self-assembly of silica spheres in order to enhance the spectral reflectivity for advanced control thermal radiation heat transfer. The measured spectral reflectivity is well enhanced at numerically designed wavelength although defects and grain boundaries are observed in the prepared photonic crystals. The higher and narrower peak is measured increasing the thickness of the sample. We also measure the specular component of spectral reflectivity as a function of an incident angle of the three layered samples. With an increasing angle of measurements, the peak position shifts to shorter wavelength. The experimental results are agreed well with a modified Bragg's law taking into account Snell's law of refraction. We show that the spectral reflectivity in infrared range is well enhanced by photonic crystals on large surface prepared by using self-assembly of silica micro-spheres. The success in the fabrication of large area photonic crystals using rapid, economical, and reproducible technique will open the way towards the control of thermal radiative properties such as reflectivity, transmissivty, and emissivity by using a photonic crystal.
